Introduction {#sec1-1}
============

At present, the bare metal stent (BMS) has been widely replaced by the drug-eluting stent (DES), mainly because of its relevant superiority in the reduced rate of stent restenosis, which would significantly decrease the risk of repeat revascularization, and then lead to better stenting outcomes ([@ref1], [@ref2]). Certainly, the associated beneficial efficacy will get strengthened if a high resolution in evaluating the lesion characteristics is available.

Intravascular ultrasound (IVUS) has been developed as a matured technique, which will provide more accurate details on the vessel size, lesion length, or plaque burden, serving as a powerful approach for optimizing the stenting procedures ([@ref3], [@ref4]). When receiving DES implantation under IVUS guidance, the relevant changes would mainly manifest as usage of larger or longer stents/balloons, as well as a greater frequency of post-dilation, which would result in a larger post-procedural minimal lumen diameter (MLD) and subsequently reduced incidence of adverse cardiovascular events ([@ref5]). Recently, the ULTIMATE trial ([@ref6]) (intravascular ultrasound-guided versus angiography-guided implantation of drug-eluting stent in all-comers) demonstrated that DES implantation under IVUS guidance could significantly reduce the target vessel failure (TVF) in all-comers, compared to angiography guidance. In fact, several large registries ([@ref7], [@ref8]) and randomized controlled trials (RCT) ([@ref9], [@ref10]), as well as several meta-analyzes ([@ref11], [@ref12]), also indicated the benefits of IVUS-guided DES implantation in patients with complex coronary lesions, which were mainly in terms of the reduced risk of major adverse cardiovascular events (MACE). In contrast, other several large RCTs ([@ref13]-[@ref15]) indicated that IVUS guidance did not improve long-term MACE rates. These controversial data and the real-high expense would strictly limit IVUS to be routinely performed in clinical practice. Besides, a new RCT ([@ref16]) focusing on exploring the efficacy of the IVUS-guided DES implantation in patients with unprotected left main (LM) disease has been published recently. As a result, we updated the present meta-analysis to identify the benefits of IVUS-guided DES implantation in patients with complex coronary lesions.

Methods {#sec1-2}
=======

Literature search {#sec2-1}
-----------------

These clinical trials comparing IVUS versus coronary-angiography-guided DES implantation (described as the CAG group) in patients with complex coronary lesions (defined as long coronary artery lesions, chronic total occlusion \[CTO\] lesions, unprotected LM disease, bifurcation lesions, multiple overlapping stents, or the composite of all the above-mentioned) were searched from the Medline, EMBASE, and the Cochrane Controlled Trials Registry, as well as several other internet sources (last search was in March 2019). To make sure all the potential eligible citations were screened, several relevant keywords and medical subjects were combined, including "intravascular ultrasound or IVUS", "CTO, LM, bifurcation, long lesions, multiple overlapping stents, or small vessel", and "drug-eluting stent or DES". In addition, the potentially relevant references listed in these published reviews or meta-analyzes were also screened for eligibility.

Inclusion and exclusion criteria {#sec2-2}
--------------------------------

All eligible citations should meet the following criteria: (1) enrolled adult patients (age from 18 to 90 years) with complex coronary lesions as defined above; (2) randomized clinical trials comparing IVUS versus CAG-guided DES implantation and performing ≥1-year follow-up; and (3) reported relevant results of adverse clinical events. The exclusion criteria were as follows: (1) nonrandomized or non-English trials; (2) BMS implantation only or patients implanted with both BMS and DES, while the relevant data of DES were not provided; (3) duplicated studies, or different studies using the same sample origin.

Data extraction, synthesis, and quality assessment {#sec2-3}
--------------------------------------------------

The standardized data-abstraction forms were used by two independent investigators (FZG and XMN) to review all relevant studies for assessing their eligibility. Disagreements were resolved by a third investigator (X.Y.). The following data were extracted from each included study: the name or the first author of the trial, publication year, baseline demographics, characteristics of lesions, details of stenting procedures, and the clinical outcomes during follow-up. The Jadad score ([@ref17]) was used to assess the quality of each included randomized study.

Study endpoints {#sec2-4}
---------------

The primary endpoint was the incidence of MACE, and other clinical outcomes were also analyzed as follows: (1) cardiovascular death and all-cause death, (2) myocardial infarction (MI), (3) target vessel revascularization (TVR), and target lesion revascularization (TLR). The definition of MACE differed slightly across each study, and we analyzed all the data following each trial-specific definition as appreciate. The risk of definite/probable stent thrombosis (ST) was chosen as the safety endpoint following the definition by the Academic Research Consortium ([@ref18]).

Statistical analysis {#sec2-5}
--------------------

The meta-analysis was performed following the Preferred Reporting Items for Systematic Reviews and Meta-Analysis statements ([@ref19]). We used the STATA 12.0 (Stata Corp LP, College Station, TX, USA) for the entire statistical analysis, and all of the p-values were two-tailed. All the endpoints were recorded as dichotomous variables, and relevant comparisons were estimated with odds ratios (OR) and 95% confidence intervals (CI). When a p-value was \<0.05, statistical significance would be confirmed. If the p-value of Cochrane's Q test was \<0.10, and/or the I^2^ statistic was ≥0%, significant heterogeneity was indicated, and a random-effect model was selected, or the fixed-effects model with the Mantel--Haenszel method would be preferred instead. Egger's test was performed for assessing the publication bias, and significant asymmetry had to be considered when the p-value was \<0.1 ([@ref20]). The sensitivity analyzes (exclude one study at a time) were performed to assess the stability of the overall treatment effects.

Results {#sec1-3}
=======

Eligible studies and patient characteristics {#sec2-6}
--------------------------------------------

After screening 570 initial articles through the electronic database and another 20 references listed in several published meta-analyzes, a total of nine RCTs ([@ref9], [@ref10], [@ref13]-[@ref16], [@ref21]-[@ref23]) were finally enrolled in the present meta-analysis ([Fig. 1](#F1){ref-type="fig"}). Among these included citations, there were two trials in each subset, including long lesions ([@ref9], [@ref15]), CTO ([@ref10], [@ref21]), unprotected LM disease ([@ref16], [@ref22]), or complex coronary lesions ([@ref13], [@ref14]). Only 1 paper was for a *de novo* lesion in a small vessel (diameter 2.25--2.75 mm) ([@ref23]). Detailed baseline demographics and characteristics of lesions and stenting procedures are summarized in Tables [1](#T1){ref-type="table"}--[3](#T2 T3){ref-type="table"}. The follow-up duration in these studies ranged from 1 year to 2 years, and the quality assessment based on the Jadad score for each study was good except for the two ([@ref22], [@ref23]).

![Flow chart depicting the selection of studies enrolled in this meta-analysis](AJC-22-160-g001){#F1}

###### 

The details of the included RCTs

  Study                   Center          Enrolled patients                                             Sample size, n IVUS/Control   Follow-Up   MACE                            Type of DES                   Study quality
  ----------------------- --------------- ------------------------------------------------------------- ----------------------------- ----------- ------------------------------- ----------------------------- ---------------
  RESET trial (2013)      Multicenter     Long lesions                                                  269/274                       1 year      Cardiac death, MI, TVR, or ST   Zotarolimus/Everolimus        5
  IVUS-XPL trial (2016)   Multicenter     Long lesions                                                  700/700                       1 year      Cardiac death, MI, or TLR       Everolimus                    5
  CTO-IVUS trial (2015)   Multicenter     CTO                                                           201/201                       1 year      Cardiac death, MI, or TVR       Zotarolimus/Nobori biolimus   5
  Air-CTO trial (2015)    Multicenter     CTO                                                           115/115                       2 years     Death, MI, TLR, ST              First/Second-generation       4
  Tan et al. (2015)       Single center   Unprotected LM                                                61/62                         2 years     Death, MI, or TLR               Sirolimus                     2
  Liu et al. (2019)       Single center   Unprotected LM                                                167/169                       1 year      Cardiac death, MI, and TVR      First /Second-generation      3
  Home DES IVUS (2010)    Single center   Complex lesions                                               105/105                       18 months   Death, MI, TLR                  TAXUS/CYPHER                  4
  AVIO trial (2013)       Multicenter     Complex lesions                                               142/142                       2 years     Cardiac death, MI, TVR          NA                            4
  Zhang et al. (2016)     Single center   *De novo* lesion in a small vessel (diameter 2.25--2.75 mm)   42/42                         1 year      Cardiac death, MI, or TVR       NA                            2

Note: The qualities of included randomized trials were assessed by the Jadad score. CTO - chronic total occlusion; DES - drug-eluting stent; IVUS - intravascular ultrasound; LM - left main disease; MACE - major averse cardiovascular events; MI - myocardial infarction; mm - millimeter; n - number; NA - not available; RCT - randomized controlled trials; ST - stent thrombosis; TLR - target lesion revascularization; TVR - target vessel revascularization

###### 

Characteristics of the past medical histories among the included RCTs

  Study                   Age, years   Male, %     Hypertension, %   Diabetes, %   Dyslipidemia, %   Smoker, %   Prior MI, %   Prior PCI, %   LVEF, %
  ----------------------- ------------ ----------- ----------------- ------------- ----------------- ----------- ------------- -------------- -----------
  RESET trial (2013)      62.8/64.3    65.8/54.7   61.3/65.8         31.6/29.9     61.3/61.7         21.6/17.2   1.1/2.9       NA             55.3/54.0
  IVUS-XPL trial (2016)   64/64        69.0/68.7   64.9/63.4         35.7/36.6     67.3/65.4         22.1/25.9   4.9/4.1       10.9/9.9       62.9/62.4
  CTO-IVUS trial (2015)   61.0/61.4    80.6/80.6   62.7/63.7         34.8/33.8     NA                35.3/34.3   8.0/8.0       15.4/15.9      56.9/56.7
  Air-CTO trial (2015)    67/66        88.7/80.0   74.8/70.4         29.6/27.0     21.7/27.8         39.1/39.1   20.9/30.4     NA             55/56
  Tan et al. (2015)       76.5/75.6    62.3/69.4   41.0/46.8         34.4/29.5     NA                44.3/46.8   16.4/21.0     NA             55.3/53.3
  Liu et al. (2019)       65.3/64.9    63.5/63.9   69.5/72.2         33.5/30.8     37.7/37.9         37.1/35.5   17.4/14.2     19.8/16.6      55.6/58.4
  HOME DES IVUS (2010)    59.4/60.2    73.3/71.4   66.7/71.4         41.9/44.8     62.9/65.7         40.0/35.2   37.1/32.4     17.1/14.3      NA
  AVIO trial (2013)       63.9/63.6    82.4/76.8   70.4/66.9         23.9/26.8     70.4/76.8         34.5/31.0   NA            NA             55.3/55.9
  Zhang et al. (2016)     63/60        50.0/59.5   64.3/59.5         NA            47.6/59.5         52.4/52.4   NA            NA             58/57

Data are recorded as intravascular ultrasound guidance vs. angiography guidance. LVEF - left ventricular ejection fraction; MI - myocardial infarction; NA - not available; PCI - percutaneous coronary intervention

###### 

Angiographic and procedural characteristics

                                  RESET       IVUS-XPL    CTO-IVUS    Air-CTO     Tan et al.   Liu et al.   HOME DES IVUS   AVIO        Zhang et al.
  ------------------------------- ----------- ----------- ----------- ----------- ------------ ------------ --------------- ----------- --------------
  LM, %                           0/0         0/0         0/0         0/2.6       100/100      100/100      2.9/3.8         NA          0/0
  LAD, %                          62.1/67.5   65.0/59.9   41.8/46.8   44.3/36.5   NA           55.7/52.7    56.2/54.3       53.3/48.6   47.6/52.4
  LCX, %                          15.2/12.8   13.7/15.4   14.4/15.9   20.9/14.8   NA           44.3/49.7    NA              NA          47.6/50.0
  RCA, %                          22.7/19.7   21.3/24.7   43.8/37.3   34.8/46.1   NA           62.3/58.0    28.6/23.8       NA          54.8/42.9
  MVD, %                          40.5/37.6   NA          10.4/7.5    48.7/57.4   88.5/83.9    82.6/84.6    15.0/17.0       NA          NA
  Lesion length, mm               29.6/30.6   34.7/35.2   36.3/35.5   29.0/30.6   NA           NA           18.1/17.6       27.4/25.5   17.0/15.1
  Reference vessel diameter, mm   2.82/2.80   2.89/2.85   2.69/2.64   2.65/2.60   NA           NA           3.17/2.95       2.7/2.6     2.40/2.39
  Stent length, mm                32.4/32.3   39.3/39.2   43.6/41.5   55/52       21.5/18.2    32.6/33.3    23.6/22.1       23.9/23.2   26.1/23.3
  Stent number, n                 NA          1.3/1.3     1.7/1.6     1.6/1.5     1.4/1.4      2.2/2.4      1.3/1.3         NA          NA
  Stent diameter, mm              NA          NA          2.91/2.85   3.05/2.86   3.43/3.44    3.46/3.29    NA              2.95/2.86   2.64/2.45
  Post-dilation, %                54.6/44.5   76.3/57.4   51.2/41.3   NA          37.7/14.5    NA           31.4/0          88.3/68.4   NA
  Max balloon diameter, mm        3.1/3.1     3.1/3.0     NA          NA          NA           3.53/3.45    3.3/3.1         3.4/3.2     2.9/2.6
  Max balloon pressure, atm       13.5/13.5   16.5/15.9   14.6/13.8   NA          NA           15.3/13.9    16.4/15.2       20.3/19.6   15.9/14.1
  Pre-procedural MLD, mm          0.95/0.93   0.83/0.82   NA          NA          1.90/1.92    NA           1.1/0.97        0.76/0.65   0.91/0.90
  Post-procedural MLD, mm         2.55/2.55   2.64/2.56   2.64/2.56   2.62/2.40   3.44/3.43    NA           2.94/2.87       2.55/2.39   2.77/2.53
  Pre-procedural DS, %            NA          71.1/71.4   100/100     100/100     NA           NA           82.3/79.2       71.6/75.5   77.8/77.8
  Post-procedural DS, %           NA          12.8/13.7   9.0/10.2    11.0/13.8   NA           NA           14.6/15.3       13.9/15.5   6.7/7.9

Data are recorded as intravascular ultrasound guidance vs. angiography guidance. DS - diameter stenosis; LAD - left anterior descending artery; LCX - left circumflex artery; LM - left main coronary artery; mm - millimeters; MLD - minimal lumen diameter; MVD - multi-vessel disease; n - number; RCA - right coronary artery; NA - not available

Study endpoints {#sec2-7}
---------------

All nine trials reported MACE and MI results, while eight trials ([@ref9], [@ref10], [@ref14]-[@ref16], [@ref21]-[@ref23]) reported cardiac death data, four trials ([@ref10], [@ref13], [@ref15], [@ref21]) reported all-cause death data, six trials ([@ref10], [@ref14]-[@ref16], [@ref21], [@ref23]) reported TVR data, seven trials ([@ref9], [@ref10], [@ref13], [@ref14], [@ref16], [@ref21], [@ref22]) reported TLR data, and eight trials ([@ref9], [@ref10], [@ref13]-[@ref16], [@ref21], [@ref22]) reported ST results. No significant heterogeneity was observed, and the fixed-effects model with the Mantel--Haenszel method was applied for all result analyzes.

MACE {#sec2-8}
----

As depicted in [Figure 2](#F2){ref-type="fig"}, significant reduction in the risk of MACE was observed with respect to IVUS-guided DES implantation (OR 0.57, 95% CI: 0.45--0.72, p\<0.001; I^2^=0.0%, p=0.674). Egger's test suggested no publication bias (p=0.251), and the sensitivity analysis proved the superiority of IVUS guidance based on the omission of a single study from the overall analysis at one time. In addition, after excluding the Tan et al. ([@ref22]) and Zhang et al. ([@ref6]) trials (potentially high-bias risk studies), the results remained stable (OR 0.60, 95% CI: 0.47--0.77, p\<0.001; I^2^=0.0%, p=0.676, [Supplement Fig. 1](#F3){ref-type="fig"}).

![Forest plot of the odds ratio of major adverse cardiovascular events, associated with IVUS guidance compared with angiography guidance](AJC-22-160-g002){#F2}

![Forest plot of the odds ratio of major adverse cardiovascular events after exclusion of the Tan et al. ([@ref22]) and Zhang et al. ([@ref6]) trials (potentially high-bias risk studies), associated with IVUS guidance compared with angiography guidance](AJC-22-160-g003){#F3}

Other clinical outcomes {#sec2-9}
-----------------------

As shown in [Figure 3](#F4){ref-type="fig"}, IVUS-guided DES implantation was associated with a lower incidence of cardiac death (OR 0.42, 95% CI: 0.21--0.82, p=0.010; I^2^=0.0%, p=0.961, [Fig. 3a](#F4){ref-type="fig"}); MI (OR 0.65, 95% CI: 0.44--0.95, p=0.027; I^2^=41.8%, p=0.089, [Fig. 3b](#F4){ref-type="fig"}); TVR (OR 0.55, 95% CI: 0.38--0.79, p=0.001; I^2^=0.0%, p=0.916, [Fig. 3c](#F4){ref-type="fig"}); TLR (OR 0.58, 95% CI: 0.41--0.82, p=0.002; I^2^=0.0%, p=0.888, [Fig. 3d](#F4){ref-type="fig"}), and ST (OR 0.48, 95% CI: 0.24--0.93, p=0.029; I^2^=0.0%, p=0.733, [Fig. 3f](#F4){ref-type="fig"}). There was no publication bias determined by Egger's test (p=0.764, 0.466, 0.133, 1.000, and 0.711 for cardiac death, MI, TVR, TLR, and ST, respectively), and the sensitivity analysis confirmed the stability of these positive results. However, the risk of all-cause death did not differ significantly between the IVUS guidance and angiography guidance (OR 1.00, 95% CI: 0.47--2.13, p=0.993; I^2^=0.0%, p=0.873, [Fig. 3e](#F4){ref-type="fig"}).

![Forest plots of other efficacy endpoints of the included trials. The odds ratios of cardiac death (a), myocardial infarction (b), target vessel revascularization (c), target lesion revascularization (d), all-cause death (e), and stent thrombosis (f), associated with IVUS guidance compared with angiography guidance](AJC-22-160-g004){#F4}

Discussion {#sec1-4}
==========

Based on the whole analysis, the major findings demonstrated that ([@ref1]) IVUS-guided DES implantation may significantly reduce the risk of MACE, cardiac death, MI, TVR, TLR, and ST among patients with complex coronary lesions; and that ([@ref2]) there is no significant difference with respect to the incidence of all-cause death.

This updated meta-analysis extended the superior results from our prior citation ([@ref11]), among which a new RCT ([@ref16]) focusing on exploring the efficacy of the IVUS guidance in patients suffering from unprotected LM disease was employed. In the recent trial, a total of 336 patients were enrolled (IVUS guidance vs. angiography guidance, 167 vs. 169, respectively), and the results showed that the IVUS guidance was related to a lower incidence of MACE (13.2% vs. 21.9%, p=0.031), which might mainly be derived from the significant reduction in the risk of cardiac death (1.8% vs. 5.9%, p=0.048) ([@ref16]). In fact, the large ULTIMATE trial ([@ref6]) (intravascular ultrasound-guided versus angiography-guided implantation of drug-eluting stent in all-comers) has indicated that DES implantation under IVUS guidance could significantly reduce the TVF by analyzing the largest sample size (IVUS guidance vs. angiography guidance, 724 vs. 724, respectively), which will make the dominant position of IVUS guidance in all-comer patients well established. Of note, most occurrences of procedure-related adverse events were mainly because of the under-expansion and malposition of implanted stents. In the BMS era, the IVUS guidance could significantly reduce the risk of restenosis and TVR, but it did not decrease the incidence of death and MI ([@ref24]), while better results were found with DES ([@ref1], [@ref25]). However, it would still be much easier for the implanted DES to appear with under-expansion and malposition in complex coronary lesions, which will significantly increase the risk of stent restenosis and subsequently lead to worse clinical outcomes ([@ref26]). IVUS plays the key role in overcoming several limitations of coronary angiography in the stenting procedures, because not only much more accurate details of the lesion characteristics and stenting procedures are provided for decision making, but because it is also helpful in detecting relevant complications earlier.

In patients with LM disease, the major limit of coronary angiography guidance might be caused by the potential interfering effects of the aortic cusp opacification, particularly in these with distal bifurcation lesions ([@ref27]). It will be quite difficult for coronary angiography to achieve the precise data of target vessels, because it mainly relies on the visual inspection. Instead, IVUS will make it easier to achieve more accurate details of target vessels, mainly based on the digital inspection of lesion morphology, true luminal size, lumen area, and reference lumen area, and then provide a better approach to selecting an appropriate diameter and length of the implanted stents or applied balloons. As summarized in our meta-analysis, a greater frequency of post-dilation and a lager max balloon diameter and max balloon pressure were used under the IVUS guidance, and they resulted in a lager stent diameter, which could significantly reduce the under-expansion and malposition of implanted stents. Consequently, a 38.6% reduction in MACE and a 60.7% reduction in cardiac death were observed with respect to IVUS guidance in the present study.

In general, the optimal stent deployment was defined as follows: good apposition (apposition of all stent struts to the vessel wall), optimal stent expansion (with minimal stent area of 5 mm^2^) or cross-sectional area (CSA) \>90% of distal reference lumen CSA for small vessel, and no edge dissection (5 mm margins proximal and distal to the stent). However, we did not perform the subgroup analysis because among these included trials, only the IVUS-XPL ([@ref9]) (IVUS-Xience Prime stent for long coronary lesions) trial reported the relevant data, indicating that patients who did not meet the IVUS criteria had a significantly higher incidence of MACE compared to those meeting the IVUS criteria for stent optimization (4.6% vs. 1.5%, p=0.02). Nonetheless, similar encouraging results pertaining to IVUS-guided DES implantation were also acquired in the present study. Instead, a non-significantly reduced risk of all-cause death was observed in the IVUS guidance group. As a result, more powerful relevant randomized trials performing a further sub-analysis of patients with an IVUS-defined optimal stenting procedure are still warranted to confirm all the benefits with respect to the IVUS guidance in patients with complex coronary lesions.

Study limitations {#sec2-10}
-----------------

There were several limitations involved in the current meta-analysis. First, no individual patient data were analyzed, and several included RCTs had small sample sizes, which might affect the evaluation of IVUS guidance's efficacy. Second, some accurate details of the stenting procedures were still absent from this study mainly because of the inadequacy of relevant data, including the time of procedure, selection of different two-stent techniques for potentially occurred bifurcation lesions, or choice for sheaths with different sizes, etc. Third, the follow-up duration in these included trials was different. Although at least a 1-year follow-up was required in each enrolled study, the longer follow-up was still preferred to compare IVUS guidance to angiography guidance. Finally, no definite maintained durations and dosages of the dual antiplatelet therapy regimen post-stenting procedures for these included patients.

Conclusion {#sec1-5}
==========

IVUS-guided DES implantation could significantly reduce the risk of MACE, cardiac death, MI, TVR, TLR, and ST in patients with complex coronary lesions. More powerful randomized clinical trials with more precise subgroup analyses are still warranted to confirm the benefits of IVUS guidance for these patients.
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